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Abstract 
High energy density batteries have become a hot topic due to the increasing requirements of 
green energy vehicles, portable devices and rechargeable equipment. Lithium sulfur batteries 
(LSB) is one of the excellent candidate due to that it has a high theoretical gravimetric energy 
density and is based on a low cost and environmentally-friendly active material sulfur. However, 
the commercialization of LSB is blocked by the its fast capacity decay rate and the low cycle 
stability. This low performance is mainly caused by the shuttle effect of lithium polysulfides 
(LPS). This report aims to develop a new type multi-walled carbon nanotube (MWCNTs)-
supported Nafion coated separator via the experimental investigating on current carbon-based 
and polymer-based separator coatings to further improve the electrochemical performance of 
LSBs. In this MWCNTs & Nafion composites, the MWCNT provides a two-dimensional 
framework for the Nafion to further improve the mechanical strength of Nafion coating, and 
suppress the interaction between Nafion and electrolytes. The nanometre size Nafion can 
intergrade into the porous structure of MWCNTs, which improves the trap ability of MWCNTs 
on migrating LPS. The batteries with MWCNT & Nafion-coated separator reach a high initial 
discharge capacity of 927 mAh/g at 0.2C, and still have a capacity of 816.8 mAh/g after 56 
cycles with an average columbic efficiency higher than 80%. 
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1. Introduction
High energy density batteries are a hot topic due to the increasing requirements of green energy 
vehicles, portable devices and rechargeable equipment. Lithium-ion batteries (LIBs) currently 
are the first choice for these devices due to their excellent cycling performance.[1] However, 
the application of LIBs, especially for long-distance electricity-driven vehicles and high power 
electronic devices, is limited by the low theoretical capacities of Li+ ion intercalation 
electrode.[2]. This limitation can be overcome by using conversion electrode materials, which 
has a theoretical energy density triple that of the Li+-ion intercalation electrode materials. 
Under this situation, the lithium-Sulfur batteries (LSB) has attracted a lot of attention. LSB 
have a high theoretical gravimetric energy density and is based on a low cost and 
environmentally-friendly active material sulfur. In theory, the specific capacity of LSBs is1675 
mA h g-1 with a high energy density 2600 Wh/kg, which is based on the multiple redox reaction 
that reversibly interconverts elemental sulfur and Li2S via intermediates lithium polysulfide 
(LPS).[3] The overall reaction is shown at Equation (1). 
16𝐿𝑖+ + 𝑆8 + 16𝑒
−  ⇌ 8𝐿𝑖2𝑆 (1) 
However, the prototype LSBs obtain 350 Wh/kg, 250 Wh/kg after 80 cycles, and volumetric 
energy densities of around 325 Wh/L. [4] This low performance is caused by several challenges 
including the dissolution of intermediate LPS into electrolytes, the insulating nature of sulfur, 
large volumetric expansion of sulfur lithiation, and LPS shuttle effect.[1] 
Recently, various approaches have been reported to optimize the electrochemical performance 
of LSBs focusing on the modification of the sulfur cathode, electrolyte and lithium anode. [5] 
However, there is still a long way to realize the ultimate commercial applications of LSBs 
because of the LPS “shuttle” effect. (Figure 1.1) The dissolved LPS can migrate to the lithium 
anode and form a passivation layer which suppresses Li+ ion migration – reducing the cell 
performance.[6] 
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One of typical strategies to address the “shuttle” effect is to build a LPS barrier, such as 
interlayer or coating, between the sulfur cathode and the separator to localize the LPS species 
on the sulfur cathode. 
In this report, a LSBs review will be provided focusing on the fundamental chemistry of LSB 
which illustrates the basic mechanism of LSB and limitation of prototype LSBs. The current 
measures used to address “shuttle effect” problems in LSBs will be discussed in the literature 
review as well. The experimental process, including battery preparation, battery production, 
and battery characterization, will be detailed introduced in the methodology. Finally, the 
experimental results will be presented and be analysed in the results & discussion. 
Figure 1.1 “Shuttle effect” of LSBs [5] 
1.2 Research objective 
The overall objective of this research is to develop a new type carbon-supported polymer coated 
separator coating, which can supress the LPS shuttle effect, to improve the long-cycle stability 
and capacity of the LSBs. The target coating material is multiwalled carbon nanotube 
(MWCNTs) & Nafion functional composite. In this composite, the MWCNT provides a two-
dimensional framework for the Nafion to further improve the mechanical strength of Nafion 
coating, and suppress the interaction between Nafion and electrolytes. The nanometre size 
Nafion can intergrade into the porous structure of MWCNTs, which improves the trap ability 
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of MWCNTs on migrating LPS. The detailed research objectives are summarized as following: 
1. Understand the suppressing mechanism of current carbon based and polymer based
separator coating on LPS shuttle effect via literature review.
2. Understand the advantages and limitations of Super P coating (carbon based) and Nafion
coating (polymer based) via experimental investigating.
3. Separator modification: Develop well-controlled production method to generate high
quality MWCNTs & Nafion coating, and verify this type carbon-supported polymer coated
separator has good capability on suppressing the LPS shuttle effect.
4. Fundamentally understand the impacts of MWCNTs & Nafion coating on the
electrochemical performance of the LSBs.
ENGG 7281 Interim Report 4 
2. Fundamental chemistry of lithium sulfur batteries
2.1 Reaction mechanism 
Figure 2.1 shows the key components and operation mechanism of typical LSB system. In this 
system, an external circuit is built to link the sulfur cathode and metallic lithium anode, and the 
porous separator only allow the migration of ions, but prohibits the migration of electrons. Non-
aqueous electrolyte functions as the path way of the ion transportation. [5]  
Figure 2.1 The operation mechanism of typical LSBs [6] 
Due to the oxidation state of sulfur in the cathode, the first process in the operation of a LSB is 
the discharge process. In this process, metallic lithium is oxidized to lithium ions at the anode 
which migrates to the cathode. At same time, the LPS is formed in the cathode by the reduction 
of elemental sulfur.[7] The charging process is the reverse of discharging process. 
According to the phase change of sulfur, the discharging of LSBs is divided into four steps.[8] 
Figure 2.2 shows the voltage profile of the discharge/charge process in LSBs.  
Step I: A solid—liquid phase change. 
ENGG 7281 Interim Report 5 
S8 + 2Li → Li2S8 (2) 
The soluble Li2S8 is formed by the reduction of solid elemental sulfur. A liquid cathode is 
formed due to the dissolution of Li2S8. In this step, the first upper voltage plateau is reached at 
2.2-2.3V, and numerous voids are formed in the cathode due to the dissolution of Li2S8. 
Step II: A liquid-liquid reaction. 
Li2S8 + 2Li → Li2S8−n + Li2Sn (3) 
The dissolved Li2S8 is reduced to a low-order LPS, which steeply decreases the voltage of the 
battery. In the same time, the LPS concentrations increase with the decreasing S-S length, which 
leads to an increase in the solution viscosity.  
Step III: A liquid-solid phase change. 
2Li2Sn + (2n − 4)Li → nLi2S2 (4) 
Li2Sn + (2n − 2)Li → nLi2S (5) 
The dissolved low-order LPS is reduced to insoluble Li2S2 or Li2S forming an insulating 
passivation layer at the cathode. These two reactions, generating Li2S2 and Li2S, cannot occur 
at same time. The major capacity is released in this step due to the formation of lower voltage 
plateau at 1.9-2.1V. 
Step IV: A solid-solid reaction 
Li2S2 + 2Li → Li2S (6) 
Both Li2S2 and Li2S are insoluble and non-conductive making this reaction step kinetically slow 
with high polarization resistance.[9]  
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Figure 2.2 The voltage profile of discharge (blue)/charge process (red) in the first cycle of 
LSBs [8] 
Due to the shuttle effect of LPS and the poor nucleation of elemental sulfur, the voltage profile 
during charging is much more complicated than during discharging.[2] At the initial stage of 
charging, the Li2S passivation film on the cathode surface causes a high polarization resistance, 
which leads to a sharp increase in the voltage. The voltage then decreases slightly with the 
decreasing polarization resistance due to the formation of soluble LPS. The two major voltage 
plateaus in charging are formed at the oxidation processes of short-chain LPS and long-chain 
LPS, to long-chain LPS and elemental sulfur, respectively. Finally, the voltage increase sharply, 
however, this process is hard to reach due to the formation of Li2S passivation film on the 
interface between lithium anode and electrolyte or difficulty nucleation of elemental sulfur.[10] 
2.2 Problems involved in LSBs 
2.2.1 LPS shuttle effect 
As discusses in the section 2.1, the formation of the long-chain LPS (𝐿𝑖2𝑆𝑥, 4 < 𝑥 < 8) is the 
first step of discharge process. Since the long-chain LPS is highly soluble in the electrolyte, it 
is highly mobile during the recharge process. As shown in Figure 2.3, the long-chain LPS can 
migrate to anode area, in which it is reduced to the short-chain (𝐿𝑖2𝑆𝑥, 1 < 𝑥 < 4), and finally 
precipitate as insoluble 𝐿𝑖2𝑆2 and 𝐿𝑖2𝑆 depositing on the surface of lithium metal. This solid 
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LPS layer can corrode the lithium metal and suppress the migration of 𝐿𝑖+ ions resulting in 
unstable battery performance.[11] 
Figure 2.3 The mechanism of LPS shuttle effect [11] 
2.2.2 Lithium dendrite 
Figure xx shows the mechanism of the formation of lithium dendrite. The rough surface of solid 
electrolyte interface (SEI), which is caused by the interaction between the polymer electrolytes 
and lithium ions, results in the formation of lithium dendrite. As a consequence of uneven SEI, 
the inhomogeneous distribution of electrons leads to the inconsistent concentration gradient of 
lithium ions at the interface between electrolyte and anode.[12] This inconsistent concentrations 
gradient of lithium ions tends to form metallic lithium in a needle-like pattern, which is the 
lithium dendrite. The growth of lithium dendrite could destroy the separator to build a short 
circuit inside the battery leading to a series safety concern, such as battery fire. 
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Figure 2.4 The formation process of lithium dendrites [12] 
2.3 Key components of LSBs 
2.3.1 Cathode 
There are three main problems regarding in the LSB cathode. 
 The low conductivity of sulfur (and other insoluble LPS phases) requires high amounts of
conductive material to ensure reasonable sulfur utilization.[13]
 The significant volumetric change caused by the conversion process from elemental sulfur
to Li2S leads to fast capacity fading.
 The dissolution and subsequent shuttle of long-chain LPS reduces the coulombic efficiency
of the battery.[13]
Cathode structure modification is an effective strategy to address these problems. The most 
commonly-used structure is a sulfur-carbon composite, in which there is more than 70wt% 
sulfur. The primary advantage of the sulfur-carbon composite is the high conductivity of carbon. 
In addition, porous carbon provides enough space to bear the volumetric change and if the 
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porous structure is favourable can traps the migrating long-chain LPS.[14] Based on the size 
and structure of the pores, porous carbon materials used in sulfur-carbon composites are divided 
into carbon black,[15] carbon nanotubes (CNTS),[16] graphene,[17] and micro-, meso-, macro-
porous carbon.[18]  
Conductive polymers also attract people’s attention to form the sulfur-polymer composite 
cathode. Compare with the sulfur-carbon composite, sulfur-polymer composites establish a 
more intimate connection between the sulfur and the supporting conductive network, which 
enhances the cycling performance of LSBs.[19] Most common used polymer materials are 
Polyacrylonitrile (PAN),[20] Polypyrrole (PPy),[21] and polythiophene (PT).[22]  
2.3.2 Electrolyte 
Electrolytes are regarded as the pathway of ion transportation between the anode and cathode. 
Liquid electrolytes are widely used in batteries due to its high ionic conductivity. Most of 
commonly-used liquid electrolytes in LIBs, cannot be used in LSB due to that LPS are 
extremely reactive and can react with the commonly-used liquid electrolytes. [23].  
It is known that only linear and cyclic ethers, such as dimethyl ether (DME) and 1,3-dioxolane 
(DOL), are suitable solvents of LSB electrolytes. The advantage of linear DME is that it offers 
higher LPS solubility and is high reactive with LPS which prohibits the reaction between Li 
anode and LPS. The advantage of cyclic DOL is that it can form a solid interface between the 
lithium anode and liquid electrolytes to slower the LPS reaction kinetics.[24]  
In addition, the solvents with high LPS solubility and low viscosity provides better cycle 
performance for LSB. This better performance is caused by two parts: a) the dissolution of LPS 
facilitates the reduction of elemental sulfur to LPS, which improve the utilization of sulfur. b) 
compare with the undissolved LPS, the dissolved LPS in the solvents is easier to trap. Therefore, 
the requirements of LSB on electrolyte solvent are following: 
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 It is chemically stable that cannot react with LPS and lithium anode.
 It has high LPS solubility and low viscosity.
Ionic conductivity is another area should be considered during solvents selection. It is reported 
that that highly ionic conductive solvents can effectively improve the performance of LSBs. 
Kim’s group verified that the DME & DOL solvents (1:1 in weight ratio) has positive impacts 
of battery performance due to its excellent ionic conductivity of 11 × 10−3S/cm2.[25]
Lithium salt is another important part of electrolyte selection in LSBs. Most of routine lithium 
salts, such as LiPF6, LiBF4, and LiBOB are not suitable for the electrolyte of LSB due to its 
high reactive with LPS. In addition, these conventional lithium salts also cannot corporate with 
DOL. It has been proposed that LiSO3CF3 and LiN(SO2CF3)2 are suitable salts for the 
electrolyte of LSB.[26] 
2.3.3 Anode 
Same as other lithium cell systems, Li metal is the anode of LSB. The problems facing with Li 
anode are LPS and electrolytes. As mentioned above, the migrating LPS can form a passivation 
film on the surface lithium anode prohibiting the migration of Li+ ions, and can react with Li 
anode consuming lithium metal. This decreases the columbic efficiency of LSBs, and causes 
the loose of lithium anode.[24] Furthermore, the rough and loose Li is extremely reactive with 
the solvents of electrolytes to produce gaseous and solid products, which leads to fast fading 
rate. One of the typical strategies to address these two problems are anode protection, such as 
electrolyte additive, physical barrier layer, and lithium alloy.[27] 
2.3.4 Separator 
The separator is an indispensable part of the LSB. The two key functions of the LSB separator 
are: a) separate the cathode and anode to prohibit the short-circuiting- providing a Li+ diffusion 
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path, but no electrical conduction path. b) suppress the migration of LPS and protect LPS from 
being destroyed or malfunctioning during charge and discharge process.[28] Therefore, the 
separator needs to possess sufficient mechanical strength while facilitating conductivity and 
suppressing electronic conductivity. It also needs proper to ensure proper functioning.[29] 
Finally, the separator could function as a block or a trap to LPS trying to migrate from the 
cathode to the anode. 
The current polyolefin separators used in LIBs, such as polypropylene (PP), polyethylene (PE) 
and PP-PE multi-layer membranes, cannot satisfy the requirements of LSBs separators due to 
several limitations. [30]Firstly, they cannot withstand high temperatures and high voltages, 
which leads to poor electrochemical performance in extreme environments as well as safety 
concerns. Secondly, the ability of current separators to trap or block the migrating LPS is low 
due to their large pore size. Therefore, in order to overcome the limitations of traditional 
separators, various modified separator have been developed.[31] 
2.4  Modified separator 
The separator can be modified using a coating. The typical separator coatings can be grouped 
into carbon-based, polymer-based, and inorganic-based coating. 
2.4.1 Caron materials coated separator 
The advantages of carbon materials are their excellent conductivity and thermal stability. 
Besides, most carbon materials have a porous structure that can trap the migrating LPS. The 
most commonly-used carbon materials are conductive carbon powder, carbon nanowire, 
graphene, carbon nanotubes, carbon sphere and various hybrid. 
Super P was first proposed to coat one side of the routine polyolefin separator using slurry 
deposition.[32] Figure 2.3 shows the preparation process of this carbon coating. The slurry was 
composed of a 9:1 weight ratio of Super P and poly (vinylidene fluoride) (PVDF) in a N-methyl-
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2-pyrrolidinone (NMP) solution. This coating facilitated electron transportation and suppressed 
the migration of LPS. Free migrating LPS were blocked by the small pores of Super P. The 
initial discharge capacity and the capacity after 100 cycles of the Super P coating modified 
battery were 1080 mAh g-1 (0.5C) and 778 mAh g-1 (0.5C), respectively. The fading rate of the 
battery was 0.27% per cycle.  
Figure 2.5 The preparation process of the Super P coating [31] 
Ketjen black (KB) is also a candidate of separator coating.[33] Compared with Super P, KB has 
porous structure which enhances its ability to trap migrating LPS. The coating method of KB 
was same as the previously-mentioned Super P coatings. The initial discharge capacity and the 
capacity after 100 cycles of the KB coating modified battery were 1318 mAh g-1 (0.1C) and 
946 mAh g-1 (0.1C), respectively. The fading rate of the battery was 0.28% per cycle.  
Based on the KB coating, a new KB-MnO composite was proposed. (Fig 2.4 (a)) [34]The KB 
encapsulated the MnO nanoparticles to form a KB-Mno composite. Then, KB-MnO composite 
was coated one side of traditional separators. In this coating, metal oxide (MnO) played a role 
to adsorb the lithium LPS. The initial discharge capacity and the capacity after 200 cycles of 
the KB-MnO coating modified battery were 1059 mAh g-1 (0.1C) and 901 mAh g-1 (0.1C), 
respectively. The fading rate of the battery was 0.14% per cycle.  
Carbon materials with unique structures, such as carbon nanowire, carbon sphere, nanofiber, 
multi-walled carbon nanotube and three-dimension carbon materials, also have attracted lots of 
attention. Yang’s group proposed using high-level N-doped porous carbon nanowire (N-PCNW) 
coating to optimize the routine separator. [35] N-PCNW modified separator has both physical 
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and chemical interactions with the LPS – this enhances its ability to suppress the diffusion of 
LPS. (Fig 2.4 (b)) The N-PCNW coating was synthesized by slurry deposition. The slurry was 
composed by mixture of 9:1 weight ratio of N-PCNW and PVDF in an NMP solution. The 
initial discharge capacity and the capacity after 500 cycles of the N-PCNW coating modified 
battery were 933 mAh g-1 (0.5C) and 507.6 mAh g-1 (0.5C), respectively. The fading rate of the 
battery was 0.08% per cycle.  
The nitrogen-doped porous hollow carbon sphere (NHCs) coating was proposed because of its 
unique porous structure, which provides enough space to block and to store the migrating 
LPS.[36] Meanwhile, it has numerous special functional groups (e.g. O-, B-, N-, S-, Se-, Co-, 
Si-, I- and C3N4-) which can interact with the LPS. The NHCs composite was made by filtering 
the mixture of silica spheres, dopamine, and Tris-buffer. Then, the slurry deposition was used 
to coat the NHCs on the separator surface. The initial discharge capacity and the capacity after 
500 cycles of the NHCs coating modified battery were 1216 mAh g-1 (1C) and 542 mAh g-1 
(1C), respectively. The fading rate of the battery was 0.11% per cycle. 
Figure 2.6 a) The mechanism of KB-MnO coated separator. [33] b) The mechanism of N-
PCNW modified separator. [34] 
Multiwall carbon nanotubes (MWCNTs) also attracted researchers’ attention and was used to 
form a bi-functional separator.[37] The MWCNTs functioned as an upper current collect to 
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lower the electron transport impedance and to improve the utilization of sulfur. In addition, the 
MWCNTs also served as a filter to block the migrating LPS, and then, adsorbed the intercepted 
LPS in to its nanospace. The initial discharge capacity and the capacity after 100 cycles of the 
MWCNTs coating modified battery were 1107 mAh g-1 (0.5C) and 809 mAh g-1 (0.5C), 
respectively. The fading rate of the battery was 0.17% per cycle. Figure 2.5 (b) shows the visual 
observation and the electrochemical performance of MWCNTs coated separator. 
Figure 2.7 (a) The physical performance of NHCs coated separator. [35] (b) The visual 
observation and electrochemical performance of MWCNTs coated separator. [36] 
Besides the one-dimensional structure carbon materials, two-dimensional structure carbon 
materials, such as graphene-based materials, also showed excellent performance as separator 
coatings. An graphene membrane coated separator was reported by Zhou’s group, which 
significantly reduced the contact impedances among the current collector, active materials, and 
the electrolyte system.[38] The coated separator improved electron transportation and active 
material utilization by corporation with an aluminum foil current collector. The coated separator 
showed a good ability on prohibiting “shuttle effect” of LPS. The initial discharge capacity and 
the capacity after 100 cycles of the graphene coating modified battery were 1052 mAh g-1 (0.5C) 
and 950 mAh g-1 (0.5C), respectively. The fading rate of the battery was 0.09% per cycle. 
Recently, the porous structure design of coated carbon material separator has become a hot topic 
for the researchers. Balach et al. proposed a mesoporous structure carbon coated separator by 
applying a straightforward coating with light weight conductive mesoporous carbon layer on a 
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commercial separator.[39] The porous structure not only provides excellent physical interaction 
with the LPS, but also acted as a second current collector to decrease the electron transport 
impedance. The initial discharge capacity and the capacity after 100 cycles of the graphene 
coating modified battery were 1378 mAh g-1 (0.2C) and 1021 mAh g-1 (0.2C), respectively. The 
fading rate of the battery was 0.25% per cycle. 
2.4.2 Polymer coated separator 
Polymer coatings can improve the electrochemical performance of LSBs by a strong chemical 
interaction between polymers and LPS. There are two advantages of polymer coating. Firstly, 
polymer coating can change the surface property routine LSBs separator. The surface of 
conductive polymer coating is usually microporous, mesoporous or hierarchically porous, thin 
and light-weight to meet the requirements of LSB separator. Secondly, the doped atoms, such 
as oxygen-, nitrogen-, sulfur- and iodine- etc., can provide better chemical interaction with LPS. 
Nafion, a commercial product known as the cation selective membrane and a perfluorinated 
sulfonic acid resin, is an excellent candidate of polymer coating. Nafion eliminates the shuttle 
effect by allowing the migration of Li+ cations but prohibiting the migration of polysulfides 
anions. The unique ionic properties of Nafion are a result of incorporating perfluorovinyl ether 
groups terminated with sulfonate groups (SO3-) onto a tetrafluoroethylene.[40] Huang’s group 
is best known of their paper proposing the feasibility of a LSBs with Nafion modified separators. 
Nafion modified separators was composed by dropping Nafion solution on the surface of 
routine separator.[41] The initial discharge capacity and the capacity after 100 cycles of the 
graphene coating modified battery were 781 mAh g-1 (1C) and 678.9 mAh g-1 (1C), respectively. 
The fading rate of the battery was 0.14% per cycle. Figure 2.6 (i) shows the mechanism of 
Nafion-coated separator. However, there still are some limitations on this Nafion modified 
separators. Firstly, in order to form a stable coating, the density of separator coating is 0.7 mg 
cm-2, which increases the total mass of the battery and decrease the utilization of sulfur.
Secondly, the ionic conductivity of Nafion coating in DME & DOL electrolyte was only 
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2.1 × 10−5S/cm2, which is much lower than that of pure DME & DOL electrolyte. This low 
ionic conductivity increased the ohimc resistance and cell overpotential. [41] 
To address the limitation of Nafion modified separator, Hao et al. proposed a Nafion/super P-
modified dual functional separator. [42] (Fig 2.6 (ii)) The separator was fabricated by slurry 
deposition of composite of Nafion solution and Super P on the one side of routine separator. 
Nafion/super P coating had excellent ability to trap migrating LPS due to the cation selective 
property of Nafion membrane. In addition, the Super P also acted as a physical barrier for LPS 
to further trapped and reactive the active materials. The initial discharge capacity and the 
capacity after 100 cycles of the Nafion/Super P coating modified battery were 807 mAh g-1 
(0.5C) and 549 mAh g-1 (0.5C), respectively. The fading rate of the battery was 0.31% per cycle. 
Figure2.8 (i) The mechanism of Nafion-coated separator. [39] (ii) The visual observation and 
mechanism of Nafion/Super P coated separator. [40] 
Polyethylene glycol (PEG) has attracted researchers’ attention to form polymer separator 
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coating for LSBs because of its hydrophilicity, non-toxicity, and solubility in water. Chung et 
al. reported a composite separator with a PEG-supported microporous carbon coating.[43] The 
microporous-carbon material acted as a physical LPS trapper to block the migrating LPS 
intermediates by its micropores. The PEG polymers functioned as a binder to bond 
microporous-carbon material and commercial separator, and a chemical LPS barrier. Compare 
with reacting with bulk electrolyte, dissolved LPS prefer to react with PEG chains due to the 
hydrophilicity of the PEG. The initial discharge capacity and the capacity after 200 cycles of 
the MPC/PEG coating modified battery were 1018 mAh g-1 (0.5C) and 782 mAh g-1 (0.5C), 
respectively. The fading rate of the battery was 0.11% per cycle. 
Figure 2.9 PEG-supported microporous carbon coated separator. [42] 
2.4.3 Inorganic substance coated separator 
Ceramic- or oxide-coating is also an optional modification of the LSBs separator due to its 
excellent physical interaction with LPS and simple manufacturing method. 
Al2O3 particles, a metal oxides well known by its thermal and dimensional stabilities, were used 
to modify the battery separator to enhance the electrochemical performance of LSB.[44] The 
Al2O3 coating can trap the migrating LPS and hold active materials by its porous architecture 
which is regarded as an ion-conducting skeleton. The Al2O3 coating also served as an upper 
current collector to reduce the charge-transfer impedance of the battery electrodes. The initial 
discharge capacity and the capacity after 50 cycles of the Al2O3 coating modified battery were 
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967 mAh g-1 (0.2C) and 593.4 mAh g-1 (0.2C), respectively. The fading rate of the battery was 
0.8% per cycle. The synthesis process of Al2O3 coating is shown in Figure 2.8.  
Figure 2.10 The synthesis process of Al2O3 coated separator. 
In order to improve the Li+ ion conductivity of LSBs, Zhang et al. proposed a separator with 
W18O49 coating which is well known as a good solid-state Li+ conductor. It can also block the 
dissolved LPS anions. In addition, its unique properties including light weight and high surface 
energy can improve more or less on electrochemical performance of LSBs. The initial discharge 
capacity and the capacity after 50 cycles of the W18O49 coating modified battery were 1142 
mAh g-1 (0.5C) and 809 mAh g-1 (0.5C), respectively. The fading rate of the battery was 0.5% 
per cycle.  
2.5 Conclusion 
In summary, the commercialization of LSBs is blocked by the LPS shuttle effect, which has 
negative impacts for all the components of LSBs including cathode, anode, separator and 
electrolyte. As one of the typical strategies on addressing the LPS shuttle effect, separator 
coating aims to use carbon-based, polymer-based and inorganic-based materials to create a thin 
film on the surface of separator to avoid the migration of LPS from cathode and anode. The 
increasing consideration of carbon-based separator coating is attributed to its excellent 
electronic conductivity and porous structure. The carbon-based separator coatings are served as 
a second current collector to increase the sulfur utilization, and are played as physical barrier to 
trap the migrating LPS via its small size pores. The trapping ability of polymer-based separator 
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on LPS is based on the polymers’ unique pr operties. For example, Nafion-coated separator has 
unique ionic selective property that only allow the migration of cations, such as lithium ions, 
but avoid the migration of anions, such as polysulfides. Compared with carbon-based coating 
and polymer based coating, inorganic-based coating can only slightly improve the 
electrochemical performance of the LSBs. In addition, the inorganic-based coating has a 
significant drawback that it adds too much extra weight into the battery decreasing the energy 
density. 
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3. Methodology
This project aims to develop a new carbon-supported polymer coated separator by using two-
dimensional carbon nanotube and ionic selective membrane-Nafion for long cycle stability 
LSBs. The development of this type separator coating is involved with the preparation of 
cathode and modified separator, the production of LSBs, and the battery characterisation. The 
details of these procedures are summarized as below. 
3.1 Preparation of sulfur/MWCNTs cathode 
The method used to modify raw MWCNTs was same as Chen’s method.[45] The modified 
MWCNTs were then mixed with pure sulfur in a weight ratio of 2:3. The sulfur/MWCNTs 
composite was heated in vacuum oven at 160 oC for 24 hours. Slurry deposition was adopted 
to coat sulfur/MWCNTS composite on the surface of carbon coated aluminum foil. The slurry 
was composed of a weight ratio of 8:1:1 of sulfur/MWCNTs composite, Super P, and PVDF in 
NMP solution. The slurry was coated one side of carbon coated aluminum foil by tape casting 
method. The sulfur/MWCNTs cathode was then moved into vacuum oven to dry at 60 oC for 
24 hours. 
3.2 Preparation of modified separator 
3.2.1 Preparation of Super P coated separator 
Super P was mixed with PVDF with a weight ratio of 9:1 in NMP solution to form homogenous 
slurry. The slurry was applied on one side of Celgard separator by using doctor blade to form 
even film. The separator with Super P coating was then moved into vacuum oven to dry at 60 
oC for 24 fours. Finally, the dried separator was cut into circular disks to insert into coin cells. 
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3.2.2 Preparation of Nafion membrane separator 
Drop coating method was adopted to fabricate the Nafion membrane separator. 100 μL Nafion 
solution (5%wt) were dropped on the surface of Celgard separator by 5 times. Then, it was 
allowed to dry at fume cupboard for 24 hours. Before battery assembling, the Nafion-coated 
separator were transferred to the vacuum oven to dry at 60 oC for 2 hours to further remove 
oxygen content. 
3.2.3 Preparation of MWCNTs & Nafion-coated separator 
Chen’s method was used to modify the raw MWCNTs. [43] As shown in Table 1, the modified 
MWCNTs then were mixed with 5%wt Nafion solution of a volume ratio of 6%, 12%, 22%, 
and 39%. The reason for setting different carbon volume ratio is to determine the influences of 
the electron conductivity and the mechanical strength of MWCNTs & Nafion coating on battery 
performance. The mechanical strength increases with the increase of carbon volume ratio. 
When the carbon volume ratio is lower than 30%, the MWCNTs & Nafion coating is insulating, 
otherwise, it is electron conductive. Ultrasound machine was used to fabricate the homogenous 
MWCNTs & Nafion composite. 100 μL MWCNTs & Nafion composite were dropped on the 
one side of Celgard separator by 5 times with a pipettor. The coated separators were allowed to 
dry at fume cupboard over 24 hours. Before battery assembling, the MWCNTs & Nafion-coated 
separator were transferred to the vacuum oven to dry at 60 oC for 2 hours to further remove 
oxygen content. 
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MWCNTs & Nafion-coated separator 
Carbon volume 
ratio 
MWCNT
(mg) 
5wt% Nafion 
solution (mg) 
Nafion
(mg) 
Coating 
method 
Charge rate 
6% 10 1786 89.3 
Drop coating 
0.2C & 
0.5C 
12% 10 893 44.65 
22% 40 1786 89.3 
39% 13.5 270 13.5 
Table 1 The testing matrix of MWCNTs & Nafion-coated separators 
3.3 The production of LSBs 
Coin-type cell is used to assemble with a lithium metal foil anode, a carbon/MWCNTs cathode, 
and a coated separator in an Argo-filled glove box. (Mbraun Unilab) The electrolyte was 
composed of a 1 mol L-1 lithium bis-trifluoromethanesulfonylimide (LiTFSI) solution in 1,3-
dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 by volume) with LiNO3 (0.1 mol L-1) 
as additive. 60 μL electrolytes were added in to the cell by two times with a volume ratio of 
1:1. Assembled LSBs were allowed to rest for 20 hours before electrochemical cycling.  
3.4 Battery characterisation 
3.4.1 Electrochemical impedance spectroscopy (EIS) 
EIS was used to test the electrochemical impedance of the battery before cycling. The 
impedance data were collected by EC-LAB equipment and were presented as Nyquist Plots 
(NP). [46] Figure 3.1 shows the typical NP which is consisted by five regions. The first region 
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describes the inductive behaviour, which is normally cannot be observed. The second region 
presents the ohmic resistance of the battery, which is also called pre-resistance in some 
literatures. The third region is related to the formation of solid electrolyte interface which is 
caused by the interaction between the lithium anode and polymer electrolyte. The forth region 
is associated with the capacitance of double layer, the electrodes charge transfer resistance, and 
the resistance and capacitance of cathode surface film. Finally, the last region represents the 
diffusion process.[47] 
Figure 3.1 The typical electrochemical impedance Nyquist Plots 
3.4.2 Battery testing 
The assembled batteries were tested by the LAND battery test equipment. The voltage profiles 
and cycling performance were firstly collected with a programmable battery cycle with a 
voltage window of 1.5V-2.8V (Super P coating and Celgard separator), then, were collected 
with a voltage of 1.7V-2.8V (Nafion coating and MWCNTs & Nafion coating). The charging 
rate used in the test were 0.5C and 0.2C. Charging rate 0.5C means that the single charging 
process should be finished in 0.5 hour. High charging rate means high charging current density. 
The columbic efficiency of the battery was also collected during test, which is calculated by the 
Equation (7) 
𝐶𝐸 =
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑐ℎ𝑎𝑟𝑔𝑒
(7)
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Where 𝐶𝐸 is columbic efficiency, 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 is the capacity of discharging, 
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑐ℎ𝑎𝑟𝑔𝑒 is the capacity of charging.  
3.4.3 Scanning electron microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy 
(EDS)  
SEM was used to analyse the microstructure of the separator coating before and after cycling. 
The prepared samples were analysed by the equipment TM3030 under vacuum. The mechanism 
of SEM is shown in the Figure 3.2. The electron gun focuses an electron beam point on the 
surface of the sample via the adjustment of electron lenses Then the detector measures the 
receiving electrons on the surface of sample. The SEM image is formed by repeat above process 
in a raster pattern.[48] 
Figure 3.2 The operating mechanism of SEM and EDS 
Once a clear image is generated, the image area can be used to do the EDS analysis. The 
mechanism of EDS is similar with the SEM. An electron beam was launched by the electron 
gun focusing on the surface of sample in a raster pattern to obtain a localized chemical 
analysis.[49] It should be noticed that the available element range that can be detected by EDS 
is from atomic number 4 (Be) to 92 (U). 
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3.5 Separator soaking test 
In order to further analyse the influence of the Nafion coating on battery performance, a mixture 
experiment was set to investigate whether Nafion coating could interact with DME & DOL 
electrolyte (1:1 in weight ratio) or not. 100μL 5% Nafion solution was dropped into a glass 
bottle, and then dried in vacuum oven at 60 oC for overnight. After drying, the glass bottle with 
Nafion film was transferred into argon-filled glove box. Finally, 3 ml DME & DOL electrolyte 
were added into the glass bottle. In addition, MWCNTs & Nafion coating was set as comparison 
group to determine whether the MWCNT could avoid the interaction between Nafion and 
electrolytes.  
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4. Results and Discussion
In this section, the experimental results of Super P coating, Nafion coating, and MWCNTs & 
Nafion coating will be introduced from electrochemical performance and microstructure 
perspectives. Sulfur/MWCNTS cathode with 60 wt% sulfur and sulfur loading of ~ 1.8 mg/cm2 
was used as standard electrode. The electrochemical performances of different batteries were 
recorded at a charge rate of 0.5 C and 0.2C. The results of all batteries with different separators 
are shown in Table 2. 
The electrochemical performance of the batteries with different separators 
0.5C 
Coating type 
Peak discharge 
capacity (mAh/g) 
Cycle 
numbers 
After cycling 
performance (mAh/g) 
Decay Rate 
Super P 1080 100 417 0.6% 
Nafion 540 100 474 0.1% 
6% MWCNTs & 
Nafion 
638.2 85 400 0.5% 
12% MWCNTs 
& Nafion 
640 180 540 0.08% 
22% MWCNTs 
& Nafion 
621.2 56 440.6 0.52% 
39% MWCNTs 
& Nafion 
890 100 400 0.55% 
0.2C 
Nafion 1089 100 89 1% 
6% MWCNTs & 
Nafion 
904 75 481 0.6% 
12% MWCNTs 
& Nafion 
998 140 450 0.39% 
22% MWCNTs 
& Nafion 
927 56 816.8 0.2% 
39% MWCNTs 
& Nafion 
839.6 100 340.8 0.6% 
Table 2 The electrochemical performances of the batteries with different separators 
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4.1 Super P Coated Separator 
4.1.1 Electrochemical performance 
Figure 4.1 (a) shows the cycling performance of the batteries utilizing CNT60s cathode with 
Celgard separator and Super P coated separator at 0.5C. The battery with Super P coated 
separator (marked as black curve) reached a high initial discharge-specific capacity (Dis-Scap) 
of 1090 mAh/g, and a Dis-Scap of 417 mAh/g after 100 cycles with a decay rate of 0.6% per 
cycle, and a high average columbic efficiency of 98%. The Super P coated separator provided 
a capacity retention of 38% after 100 cycles. As a comparison, the battery with Celgard 
separator only reached an initial Dis-Scap of 666 mAh/g, and a Dis-Scap of 198 mAh/g after 
100 cycles with a decay rate of 0.7% per cycle. The Celgard separator provided a capacity 
retention of 29% after 100 cycles. The lower decay rate and high capacity retention indicates 
that Super P coated separator can slightly improve the cycling performance of the battery via 
suppressing the LPS shuttle. 
Figure 4.1 The electrochemical performance of the batteries with Super P coated separator 
(black) and Celgard separator (red): a) cycling performance; b) discharge voltage profile. 
The voltage-capacity curves of the batteries with Super P coated separator and Celgard 
separator are summarized in figure 4.1 (b). The first discharge profile of the battery with Super 
P coated separator was unstable with an upper and lower plateau of 2.1V and 1.8V respectively, 
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which are lower than the standard plateau levels of 2.35V and 2.05V respectively.[8] The 
realized capacity of upper plateau in the first cycle is 350 mAh/g, which is approaching 83.5% 
of the theoretical capacity (419 mAh/g) indicating that most of the elemental sulfur in the 
cathode were reduced to long-chain LPS (𝐿𝑖2𝑆𝑥, 4 < 𝑥 < 8,). The lower plateau, representing 
the reduction from long-chain LPS to short-chain LPS (𝐿𝑖2𝑆𝑥, 1 < 𝑥 < 4), released a capacity 
of 740 mAh/g, which is approaching 64% of the theoretical capacity (1156 mAh/g). After the 
first cycle, the battery presented standard voltage curve that started with a voltage of 2.4V, 
following an upper plateau and lower plateau of 2.35V and 2.05V respectively, and then ended 
with a voltage of 1.5V. As a comparison, the battery with Celgard separator presented an 
extreme weird voltage curve. The upper plateau was almost nonexcepted in all the cycles, and 
the lower plateau was much lower than the standard level at 1.7V. The realized capacity of the 
upper plateau was 100 mAh/g, which is only approaching 23% of theoretical value indicating 
that most of sulfur cannot be activated from the cathode. 
Figure 4.2 shows the EIS results of the batteries with Celgard and Super P coated separator. 
Compared with the Celgard separator, the Super P coated separator provided a lower 
electrochemical impedance. This demonstrate why the battery with Super P coated separator 
has a higher two plateau profile. Equation (8) shows the relationship between the 
electrochemical impedance and the operating voltage: 
V = 𝑉𝑂𝐶𝑉 −  𝜂𝐶𝑇 − 𝜂𝑎 − 𝐼𝑅  (8) 
where V is operating voltage, 𝑉𝑂𝐶𝑉 is open cycling voltage, 𝜂𝐶𝑇 is the cell overpotential of 
which is from the ohmic resistance, electrode charge transfer resistance and capacitance, and 
cathode surface film resistance and capacitance, 𝜂𝑎 is the concentration polarization. [50] A 
lower overpotential leads to higher operating voltage, hence the higher plateaus for the Super P 
coated separator. 
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Figure 4.2 The EIS results of the battery with Super P coated separator (black) and Clegard 
separator (red). 
4.1.2 Micro Structure and Elemental Mapping Analyses 
Figure 4.3 (a) presents the SEM micrographs of the Super P coated separator before cycling. 
The Super P powders (fuzzy parts) are evenly distributed on the surface of the separator with 
some small bright parts. The small bright parts are the PVDF, which is the binder used to fix 
the Super P powder on the Celgard separator. Figure 4.3 (b) presents the SEM micrograph of 
the Super P coated separator after cycling. The Super P powders still distributed everywhere, 
however, it shows some new components — small needles. The elemental map of Super P 
coated separator after cycling is shown in figure 4.3 (c). The fuzzy parts and small needles had 
high concentration on carbon and sulfur, respectively. 
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Figure 4.3 The SEM results of Super P coated separator: a) before cycling; b) after 
cycling; c) elemental mapping 
The SEM results of Super P coated separator before cycling indicates that tape casting is a good 
method to coat Super P on the Celgard separator. By using tape casting method, the Super P 
powders can be coated evenly. However, the exist of big PVDF particles (bright parts) means 
that the slurry production process is inhomogeneous. The mixture time should be extended to 
produce a homogenous slurry, and to prohibit the formation of big particles. 
4.2 Nafion-coated Separator 
4.2.1 Electrochemical Performance Analysis 
Figure 4.4 (a) presents the cycling performance of the batteries with Nafion-coated separator at 
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0.5C. The initial Dis-Scap is relatively low at 384 mAh/g, but, reached peak Dis-Scap of 530 
mAh/g after 18 cycles, and still have a Dis-Scap of 417 mAh/g after 85 cycles with an extreme 
low decay rate of 0.08% per cycle and a high average columbic efficiency of 98%. Compare 
with the Celgard separator, the Nafion-coated separator provide a much lower decay rate 
indicating that Nafion coating can effectively suppress the LPS shuttle. 
The cycling performance of the batteries with the Nafion-coated separator at 0.2C is 
summarised as Figure 4.4 (b). It had a high initial Dis-Scap of 1090 mAh/g, however, only have 
a Dis-Scap of 150 mAh/g after 100 cycles with an extreme high decay rate of 1% per cycle, and 
a stable columbic efficiency of 97%. 
Figure 4.4 a) The cycling performance of the Nafion-coated separator battery at 0.5C; b) The 
cycling performance of the Nafion-coated separator battery at 0.2C. 
Figure 4.5 (a) shows the voltage-capacity curve of the batteries with Nafion-coated separator at 
0.5C. The upper plateau cannot be observed in the first cycle, however, the upper plateau 
appeared after 10 cycles. The value of the two plateaus were 2.1V and 1.85V, which are still 
lower than the standard plateau levels. The maximum capacity released by upper plateau was 
only 150 mAh/g approaching 36% of theoretical capacity. However, this capacity showed 
almost no decrease during cycling confirming the ability of Nafion coating on suppressing LPS 
migration. In contrast, the battery with Celgard separator presented the typical plateau shrinkage. 
The voltage-capacity curve of the batteries with Nafion-coated separator at 0.2C is shown in 
ENGG 7281 Interim Report 32 
figure 4.5 (b). The first discharge profile had an unstable upper plateau releasing a capacity of 
400 mAh/g, which is approaching 96% of theoretical capacity. After the first cycle, the battery 
had a high decay rate causing the shrinkage of two plateaus. However, the two plateaus can still 
be observed after 100 cycles, and have the standard upper and lower plateau levels of 2.35V 
and 2.05V, respectively. 
Figure 4.5 The discharge voltage profile of the battery with Nafion-coated separator at: a) 
0.5C; b) 0.2C 
Figure 4.6 The EIS result of the batteries with Nafion-coated separator (red) and Super P 
coated separator (black) 
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Figure 4.6 presents the EIS test results of the batteries with Nafion and Super P coated separator. 
The electrochemical impedance of the battery with Nafion-coated separator was 150 Ohm, 
which is three times of the battery with Super P coated separator. This high electrochemical 
impedance is because of the insulating property of Nafion coating resulting in high charge 
transfer resistance. 
Figure 4.7 shows the result after adding bulk of DME & DOL electrolyte into a Nafion-coated 
glass bottle in the argon-filled glove box. The Nafion coating was totally peeled off from the 
bottom of the glass bottle, and formed a gel layer in the electrolyte after mixing 1 hour. 
Figure 4.7 The mixture experiment of Nafion and electrolyte 
4.2.2 Micro Structure and Elemental Mapping Analyse 
Figure 4.8 (a) shows the SEM micrograph of the Nafion-coated separator before cycling. Due 
to the small Nafion size of surface morphology, no structure can be observed in a low 
magnification. The elemental map of unusual area in high magnification (Figure 4.9 (a)) shows 
that the homogenous areas have high fluorine and sulfur concentration. The bright floccules 
have high carbon concentration. This might be caused by the nonexcepted coating process that 
damages the Nafion film exposing the hiding Celgard separator which shows high carbon 
concentration in the EDS.  
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Figure 4.8 The SEM micrograph of Nafion-coated separator: a) before cycling; b) after 
cycling 
Figure 4.8 (b) shows the micrograph of the Nafion-coated separator after cycling. It shows 
similar micro structure with the separator before cycling. High fluorine and sulfur concentration 
can also be observed on the elemental map (Figure 4.9 (b)). 
Figure 4.9 The elemental map of Nafion-coated separator: a) before cycling; b) after cycling 
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4.3  MWCNTs & Nafion-coated Separator 
4.3.1 Electrochemical Performance Analysis 
Figure 4.10 shows the cycling performance of the batteries with the 6, 12, 22 and 39 vol% 
MWCNT in Nafion-coated separators at 0.5C. The battery with 39 vol% MWCNTs & Nafion-
coated separator reached a high peak Dis-Scap of 840 mAh/g, and a Dis-Scap of 404 mAh/g 
after 100 cycles along with a decay rate of 0.5% per cycle, and an average columbic efficiency 
of 85%. However, the columbic efficiency fluctuated considerably between 50th cycle to 80th 
cycle leading to unstable performance and low Dis-Scap. The battery with 6 and 22 vol% 
MWCNTs & Nafion-coated separator presented similar cycling performance that reached a 
peak Dis-Scap around 640 mAh/g along with a decay rate around 0.35% per cycle and an 
average columbic efficiency above 85%. The battery with 12 vol% MWCNTs & Nafion-coated 
separator presented the best cycling performance that reached a peak Dis-Scap of 630 mAh/g, 
and still have a capacity of 540 mAh/g after 140 cycles with a low decay rate of 0.08% per 
cycle and a high average columbic efficiency of 90%. Compare with the battery with Celgard 
separator (marked as olive in figure xxx), all the batteries with MWCNTs & Nafion-coated 
separators presented lower decay rate confirming that the MWCNTs & Nafion coating can 
suppress the LPS migration. 
Figure 4.10 The cycling performance of the batteries with 6, 12, 22, 39 vol% MWCNTs & 
Nafion-coated separators at 0.5C. 
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Figure 4.11 The discharge voltage profile of the battery with MWCNTs & Nafion-coated 
separator at 0.5C; a) 6 vol% MWCNTs & Nafion; b) 12 vol% MWCNTs & Nafion; c) 22% 
MWCNTs & Nafion; d) 39 vol% MWCNT Nafion  
Figure 4.11 shows the voltage profile of the batteries with MWCNTs & Nafion-coated 
separators. Although the battery with 12% MWCNTs & Nafion-coated separator has the best 
cycling performance, its voltage curve is not as good as its cycling curve. Long cathode 
restructure process can be clearly observed that the battery needs more than 30 cycles to 
establish an ideal cathode structure to present usual voltage profile. After 30 cycles, the battery 
has an upper plateau and lower plateau of 2.35V and 2.05V, respectively, which are same with 
the standard plateau levels. Even though the battery with 39% MWCNTs & Nafion-coated 
separator has the highest peak Dis-Scap, it has the worst discharge voltage profile. The upper 
plateau is almost nonexcepted in the first discharge profile. Even though the cathode restructure 
process brought the upper plateau to standard levels at 2.35V after 10 cycles, the upper plateau 
ENGG 7281 Interim Report                                 37 
disappeared again after 30 cycles. The batteries with 6% and 22% MWCNTs & Nafion coated 
separators have the similar voltage curve. They all need few cycles (less than 10 cycles) to 
rebuild an ideal cathode structure. After that, the voltage curve started with a voltage of 2.4V, 
following with an upper plateau and lower plateau of 2.35V and 2.05V respectively, and then 
ended with a voltage of 1.7V. 
Figure 4.12 The cycling performance of the batteries with 6, 12, 22, 39 vol% MWCNTs & 
Nafion-coated separator at 0.2C 
Figure 4.12 shows the cycling performance of the batteries with the 6, 12, 22 and 39 vol% 
MWCNT in Nafion-coated separators at 0.2C. Neglecting the difference of carbon volume 
ratio, the batteries with MWCNTs & Nafion-coated separator have a high peak Dis-Scap of a 
range between 820 - 1000 mAh/g. In terms of different carbon volume ratio, 22% MWCNTs 
& Nafion-coated separator provided the best battery performance that stared with a high Dis-
Scap of 917 mAh/g, and still have a Dis-Scap of 817 mAh/g after 56 cycles with an extreme 
low decay rate of 0.19%. It has an average columbic efficiency of 85%, however, the 
columbic efficiency decreased with the increase of cycle numbers. In contrast, the battery 
with 39% MWCNTs & Nafion-coated separator had the worst performance that started with a 
Dis-Scap of 820 mAh/g, following with sharp decrease to 200 mAh/g in next 10 cycles, and 
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had a Dis-Scap of 317 mAh/g after 100 cycles with a high decay rate of 0.4% per cycle and a 
high columbic efficiency of 98%. The batteries with 6% and 12% MWCNTs & Nafion-coated 
separators have similar cycling performance that reached an initial Dis-Scap around 900 
mAh/g, and still have a Dis-Scap of 450 mAh/g after 100 cycles along with a decay rate of 
0.5% per cycle and a stable columbic efficiency higher than 95%. 
Figure 4.13 The discharge voltage profile of the batteries with MWCNTs & Nafion-coated 
separator at 0.2C: a)6 vol% MWCNTs & Nafion; b) 12 vol% MWCNTs & Nafion; c) 22 vol% 
MWCNTs & Nafion; d) 39 vol% MWCNTs & Nafion 
Figure 4.13 shows the voltage curve of the batteries with MWCNTs & Nafion-coated separators 
at 0.2C. Same with the cycling performance, the battery with 22% MWCNTs & Nafion-coated 
separator has the best discharge voltage profile. The first cycle profile had an upper plateau and 
lower plateau of 2.3V and 1.95V respectively, which are slightly lower than the standard plateau 
levels. The capacity of upper plateau was 250 mAh/g, which is approaching 60% of theoretical 
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capacity. This capacity showed almost no decrease during cycling confirming the ability of 22% 
MWCNTs & Nafion coating on suppressing LPS shuttle. The batteries with 6, 12, 39 vol% 
MWCNTs & Nafion-coated separator show similar discharge voltage profile. They all need few 
cycles (less than 10 cycles) to rebuild an ideal cathode structure. After that, the voltage curve 
started with a voltage of 2.4V, following with an upper plateau and lower plateau of 2.35V and 
2.05V respectively, and then ended with a voltage of 1.7V. 
The EIS results of the batteries with 6, 12, 22, 39 vol% MWCNTs & Nafion-coated separator 
are summarised as figure 4.14. 39% MWCNTs & Nafion-coated separator battery had the 
highest electrochemical impedance of 150 Ohm. 6, 12, and 22% MWCNTs & Nafion all 
showed low electrochemical impedance lower than 100 Ohm, specially, the battery with 12% 
MWCNTs & Nafion-coated separator had an electrochemical impedance lower than 50 Ohm. 
In addition, 22% and 39% MWCNTs & Nafion-coated separator battery have high ohmic 
resistance (20 Ohm) than 6% and 12% MWCNTs & Nafion-coated separator battery (7 Ohm). 
As a comparison, the battery with Celgard separator had a high electrochemical impedance of 
250 Ohm. 
Figure 4.14 The EIS results of the batteries with 6, 12, 22, and 39 vol% MWCNTs & Nafion-
coated separators 
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Figure 4.15 shows result of soaking MWCNTs & Nafion-coated separator into bulk of 
electrolytes in an argon-filled glove box for three days. There was no peeled gel structure in 
the solution, and the MWCNTs & Nafion-coated separator retained almost the same structure 
as before soaking. This demonstrates that the MWCNT provides a two-dimensional 
framework for the Nafion which further improves the mechanical strength of Nafion coating, 
and suppresses the reaction between Nafion and electrolytes. 
Figure 4.15 The soaking test of MWCNTs & Nafion-coated separator in DME & DOL 
electrolyte 
4.3.2 Micro Structure and Elemental Mapping Analyse 
Figure 4.16 (a) presents the micrograph of the 6% MWCNTs & Nafion-coated separator before 
cycling. The big bright parts could be the Nafion, and the darker fuzzy parts could be MWCNT 
powders. Since Nafion contains fluorine and sulphur, its microstructure in SEM is much 
brighter than pure carbon. This assumption was demonstrated by the elemental mapping 
analysis. Figure 4.16 (b) shows the elemental map of the same 6% MWCNTs & Nafion-coated 
separator before cycling. The bright parts have high fluorine and sulphur concentration 
indicating that these parts are Nafion. It is also clear that the Nafion particle preferred to cover 
on the top of MWCNT instead of integrating with it, which creates an insulating film on the 
surface of MWCNT. 
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Figure 4.16 The SEM and EDS analysis of the 6% MWCNTs & Nafion-coated separator 
before cycling: a) the micrograph of coating surface; b) the elemental map of the coating 
surface  
Figure 4.17 (a) shows the micrograph and the elemental map of 6% MWCNTs & Nafion-coated 
separator after cycling. It presents quite different characteristics compared with the separator 
before cycling. Some layered structures are deposited on the surface of MWCNTs & Nafion 
coating. In addition, there is only a little amount of bright parts can be observed on the 
micrograph. The elemental map (Figure 4.17 (b)) shows that the layered structures have high 
fluorine and carbon concentration, and the bright parts have high sulphur concentration. 
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Figure 4.17 The SEM and EDS analysis of the 6% MWCNTs & Nafion-coated separator after 
cycling: a) the micrograph of coating surface; b) the elemental map of the coating surface. 
Figure 4.18 (a) presents the micrograph and the elemental map of 12% MWCNTs & Nafion-
coated separator before cycling. Some layered structures are deposited on the surface of 
MWCNTs & Nafion coating leading to uneven thickness of coating film. The elemental map 
(Figure 4.18 (b)) shows that the thicker areas have high carbon, fluorine, and sulphur 
concentration. However, the thinner areas only have high sulphur concentration. 
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Figure 4.18 The SEM and EDS analysis of the 12% MWCNTs & Nafion-coated separator 
before cycling: a) the micrograph of coating surface; b) the elemental map of the coating 
surface. 
Figure 4.19 (a) presents the micrograph of 12% MWCNTs & Nafion-coated separator after 
cycling. Numbers of floccules are observed on the micrograph which cannot be observed 
before cycling. The elemental map (Figure 4.19 (b)) shows that those floccules have high 
carbon and sulfur concentration, however, shows an extreme fluorine concentration. In 
addition, the surrounding areas of the floccules have high fluorine and sulfur concentration 
and low carbon concentration. 
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Figure 4.19 The SEM and EDS analysis of the 12% MWCNTs & Nafion-coated separator 
after cycling: a) the micrograph of coating surface; b) the elemental map of the coating 
surface. 
Figure 4.20 (a) presents the micrograph of the 22% MWCNTs & Nafion-coated separator 
before cycling. A few of floccules combined with little bright parts can be observed on the 
micrograph. Besides these floccules, the coating film shows an even distribution. The 
elemental map (Figure 4.20 (b)) presents that the bodies of floccules have high carbon 
concentration. The pores of the floccules have high sulfur and fluorine concentration. In 
addition, the little bright parts have extreme high fluorine concentration. The surrounding 
areas of floccules have high fluorine and sulfur concentration and normal level carbon 
concentration. 
a 
b 
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Figure 4.20 The SEM and EDS analysis of the 22% MWCNTs & Nafion-coated separator 
before cycling: a) the micrograph of coating surface; b) the elemental map of the coating 
surface. 
Figure 4.21 presents the micrograph and elemental map of the 22% MWCNTs & Nafion-
coated separator after cycling. Numbers of big dark parts are clearly observed on the 
micrograph even in a low magnification, which cannot be observed before cycling. The 
elemental map of single dark part (4.21 (b)) in a high magnification shows that it has high 
carbon concentration. It should be noticed that there is no fluorine in the dark part. 
a 
b 
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Figure 4.21 The SEM and EDS analysis of the 22% MWCNTs & Nafion-coated separator 
after cycling: a) the micrograph of coating surface; b) the elemental map of the coating 
surface. 
Figure 4.22 presents the micrograph and the elemental map of the 39% MWCNTs & Nafion-
coated separator before cycling. The micrograph in low magnification shows total different 
characteristics compared with other kinds of MWCNTs & Nafion-coated separator. Flocculent 
structures distributed everywhere on the surface of coating film accompanying with some 
dark pores. The elemental map shows that those flocculent structures have high carbon, 
fluorine, and sulfur concentration. The dare pores have a normal level sulfur concentration. 
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Figure 4.22 The SEM and EDS analysis of the 39% MWCNTs & Nafion-coated separator 
before cycling: a) the micrograph of coating surface; b) the elemental map of the coating 
surface. 
Figure 4.23 shows the micrograph and the elemental map of the 39% MWCNTs & Nafion-
coated separator after cycling. The micrograph in low magnification shows almost same 
characteristics as before cycling. When turn to the high magnification, large numbers of small 
needles are clearly observed. It should be noticed that those small needles are also observed 
on the high magnification micrograph of the Super P coated separator after cycling. The 
elemental map shows that those small needles have high sulfur concentration.  
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Figure 4.23 The SEM and EDS analysis of the 39% MWCNTs & Nafion-coated separator 
after cycling: a) the micrograph of coating surface; b) the elemental map of the coating 
surface. 
ENGG 7281 Interim Report 49 
5 Discussion 
This section will draw together and discuss the results from the present work. The Super P 
coated separator batteries are discussed, followed by the analysis of the Nafion-coated 
separator battery. Finally, the MWCNTs & Nafion-coated separator battery is analysed at the 
end of this section. 
5.1  Super P coated separator 
The high initial Dis-Scap of the battery with Super P coated separator is mainly attributed to 
the excellent electronic conductivity of the Super coating. Since the Super P coating contacts 
with the S-C cathode – providing an extra electron pathway to further activate the sulfur in the 
cathode.[51] This assumption is confirmed by the high sulfur utilization. As discussed in 
section 4.1.1, the battery with Super P coated separator reached a sulfur utilization of 65%. In 
comparison, the battery with Celgard separator only reached a sulfur utilization of 35%. 
The unusual first discharge voltage profile is mainly attributed to the low open circuit voltage 
(OCV). As shown in section 4.1.1, the OCV of Super P coated separator battery was 1.8V, 
which is much lower than the theoretical value of 2.65V. According to the equation, the low 
OCV can lead to low operating voltage resulting low two plateau levels. This low OCV is 
caused by the non-ideal cathode structure leading to unusual electrode concentration. Equation 
(8) (Nernst equation) presents the relationship between the OCV and reaction quotient:
𝑉𝑂𝐶𝑉 = 𝐸
𝜃 −
𝑅𝑇
𝑛𝐹
 ln 𝑄 (8) 
Where 𝑉𝑂𝐶𝑉 is open cycling voltage, 𝐸
𝜃 is standard cell potential, R is universal gas constant,
T is temperature in kelvins, n is the number of electron participating in the cell reaction, and 
𝑄  is the reaction quotient.[52] The change of electrode concentration can influence the 
reaction quotient resulting in unusual OCV. 
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However, this non-ideal electrode structure can be fixed by cathode restructuring. As introduce 
in section 2.1, during discharge elemental sulfur is firstly reduced to soluble long-chain LPS 
(𝐿𝑖2𝑆𝑥, 4 < 𝑥 < 8 ), and then finally further reduced to insoluble 𝐿𝑖2𝑆2  or 𝐿𝑖2𝑆  .[8] The 
dissolution of the long-chain LPS in the electrolyte removes the sulfur from the cathode and if 
there is insufficient remaining structural integrity could lead to the collapses of the cathode 
structure. During charge, the insoluble 𝐿𝑖2𝑆2 or 𝐿𝑖2𝑆  are firstly oxidized to the long-chain 
LPS. The long-chain LPS dissolve into the electrolyte and are further oxidized to elemental 
sulfur. These elemental sulfur will refill the collapsed cathode structure to form a new 
cathode.[7] Therefore, an improved electrode structure can be formed irrespective of whether 
the initial structure is good or bad. This explains the process that the two plateaus back to 
standard level after few cycles. 
Compared with the battery with Celgard separator, the Super P coated separator battery has 
higher operating voltage, broader plateau range, and higher plateau value. The Equation (9) 
presents the relationship between operating voltage and energy storage: 
E = VIt     (9) 
Where E is energy storage, V is the operating voltage, I is the current density, and t is the 
charging time.[53] It is clear that a higher operating voltage provides a higher energy storage 
for the battery. As discussed in section 4.1.1, the broader plateau range and higher plateaus 
levels means that the battery has high Dis-Scap. 
The small needles on the Super P coated separator after cycling (Figure 4.7 (a)) having high 
sulfur concentration might be a result of the formation of lithium dendrites. [12] Figure 5.1 
shows the typica strucutre of the battery with Super P coated separator. Since Celgard 
separator has porous structure, the Super P coating might penetrate and stay in the separator 
pores (marked as black square in the Figure 5.1). This means that the Super P coating might 
creat a short circuit inside the battery because of the excellent electronic conductivity of 
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Super P. In this case, the anode areas facing with the pores filled with Super P might have 
high current density, and the anode areas facing with the pure pores might have low current 
density. As discussed in the section 2.2.2, high current density can facilitate the formation of 
lithium dendrites. [12] Once the lithium dendrites cross the separator contact with the S/C 
cathode, it will considerablly interact with the sulfur in the cathode to form LPS, and remain 
needle-pattern like structure on the surface of separator.  
Figure 5.1 Typical structure of the battery with Super P coated separator 
5.2 Nafion-coated separator 
The low initial Dis-Scap of the batteries with Nafion-coated separator at 0.5C is mainly caused 
by the electronic insulating nature of Nafion coating. Unlike the Super P coating, the lack of 
electronic conduction in the Nafion coating does not provide an increased electron path way to 
further activate the sulfur in the cathode. The poor capacity of the upper plateau in 0.5C (35% 
of theoretical capacity) demonstrates that most of the elemental sulfur cannot be activated. The 
high initial Dis-Scap of the batteries with Nafion-coated separator at 0.2C is attributed to the 
additional time that the low charge rate allows the electrons to sufficiently activate the 
elemental sulfur in the cathode. However, this low charge rate also causes a severe LPS shuttle 
because of the large amount of migrating LPS. As shown in Figure 4.5 (b), the upper plateau 
of the battery with Nafion-coated separator at 0.2C had a capacity of 400 mAh/g, which is 
approaching 96% of theoretical capacity. This means that almost all of the elemental sulfur will 
form the soluble long-chain LPS. As discussed in section 2.2.1, during charge the long-chain 
LPS tends to migrate to lithium anode area, and be further reduced to insoluble short-chain 
LPS. These large amount of soluble long-chain LPS means severe migrating trends, which 
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might destroy the Nafion coating because of the low mechanical strength of Nafion coating 
leading to high decay rate and unstable performance. [40] 
The peeling off of the Nafion coating in the electrolyte could be another reason for the high 
decay rate of the Nafion-coated separator battery at 0.2C. As shown in figure 4.7, the Nafion 
coating completely delaminated off the bottom of the glass bottle after adding the electrolyte 
solution. Although the small amount of electrolyte (60μL) used in the battery assembling 
would alleviate the delamination process, the electrolyte will still damage the Nafion coating. 
The Nafion delamination could have several negative impacts on the battery performance as it 
could increase both the electrochemical impedance and the ohmic resistance. [41] 
The low voltage of the plateaus of the battery with Nafion-coated separator at 0.5C is caused 
by the high electrochemical impedance of the Nafion coating. As discussed in section 4.2.1 the 
electrochemical impedance of the Nafion-coated separator battery was 150 Ohm, which is three 
times of the Super P coated separator battery. According to the equation (7), the high 
electrochemical impedance would reduce the operating voltage. The two voltage plateaus of 
the Nafion-coated separator battery at 0.2C is normal due to the low charge rate which decrease 
all the cell overpotentials. 
The high electrochemical impedance of the battery with Nafion-coated separator is possibly 
caused by the high Nafion loading. Bauer’s group reported that the battery with a Nafion 
loading of 0.25 mg/cm2 shows much better electrochemical performance than those batteries 
with Nafion loadings of 0.5 mg/cm2 and 1 mg/cm2. In addition, this high Nafion loading might 
have negative impacts for the battery, such as increasing cell overpotential and sudden failure 
of the batteries after few cycles.[54] The Nafion loading used in this thesis work was 2.39 
mg/cm2, which is much higher than the literature’s level – which would consequently increase 
the electrochemical resistance. 
Although the electronic insulating nature and delamination phenomenon of Nafion coating 
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have some negative impacts on battery voltage profile, the operating voltage of the Nafion-
coated battery is still keep the as the same level of the battery with Clegard separator. This 
means Nafion-coated separator battery still have acceptable energy storage. However, the 
plateau range of the Nafion-coated separator battery is much broader than the battery with 
Clegard separator, specially at 0.2C. This means that the Nafion-coated separator has good Dis-
Scap. 
As introduced in section 2.4.2, the unique ionic selective property of Nafion is due to the 
incorporating perfluorovinyl ether groups terminated with sulfonate groups (SO3-) onto a 
tetrafluoroethylene. [40] This means that Nafion contains sulfur and fluorine in its chemical 
structure. The high fluorine and sulfur concentration on Nafion-coated separator before cycling 
indicate that the Nafion distributed evenly on the surface of Celgard separator. However, since 
Nafion contains sulfur in its chemical structure, it is hard to observe the difference of the 
Nafion-coated separator between before and after cycling. Although the elemental map of 
Nafion-coated separator after cycling has a high concentration of sulfur, it is hard to determine 
whether this is from migrating LPS or not. 
5.3 MWCNTs & Nafion-coated separator 
The high initial Dis-Scap of 39% MWCNTs & Nafion-coated separator battery at 0.5C is 
attributed to the high carbon volume ratio which makes the coating layer electron conductive -
providing increased electron path way to further activated the sulfur in the cathode. The battery 
with MWCNTs & Nafion-coated separators have inconsistent cycling performance at 0.2C and 
0.5C. For example, 22% MWCNTs & Nafion-coated separator battery has the best performance 
at 0.2C, however, its performance is not such best at 0.5C. This might be caused by the 
inconsistent sulfur loading leading to E/S (electrolyte/sulfur loading) ratio changes. It has been 
reported that the E/S ratio has significant influence on the electrochemical performance of the 
battery. Both high E/S ratio or low E/S ratio could result in the unusual electrochemical 
performance of the battery.[55] 
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Compared with the Celgard separator batteries, most of the MWCNTs & Nafion-coated 
separator batteries have a better discharge voltage profile including high operating voltage, fast 
cathode restructure process, and less plateau shrinkage. These improvements indicate that the 
batteries with MWCNTs & Nafion-coated separator have better performance both on energy 
storage and Dis-Scap. This better performance is attributed to the low electrochemical 
impedance of the MWCNTs & Nafion-coated separator batteries, as well as the excellent ability 
on suppressing LPS shuttle effect. As shown in the figure 4.13, the electrochemical impedances 
of the batteries with MWCNTs & Nafion-coated separator are much lower than the Celgard 
separator battery. 
The improvement of current MWCNTs & Nafion-coated separator on battery electrochemical 
performance can be seen in the comparison other literature results. Table 3 shows the results of 
the batteries with Nafion coating [54], graphene oxide & Nafion coating [56], Super P & Nafion 
coating [42], and MWCNTs & Nafion coating (this work). It is clear that the battery with 
MWCNTs & Nafion-coated separator has already reached literatures’ lev els. 
Coating materials 
Charge 
Rate 
Initial discharge 
specific capacity 
(mAh/g) 
Cycle 
numbers 
After cycling 
performance 
(mAh/g) 
Decay rate 
(per cycle) 
1% Nafion® 
perfluorinated resin 
solution [54] 
0.05C 1100 100 610 0.40% 
Graphene oxide & 
Nafion solution[56] 
0.5C 1057 100 676 0.18% 
Super P & Nafion 
solution[42] 
0.1C 1087 250 741 0.13% 
MWCNTs & Nafion 0.2C 927 56 816.8 0.2% 
Table 3 The comparison between the results of MWCNTs & Nafion-coated battery and 
current literatures’ results. 
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The results of soaking test of MWCNTs & Nafion-coated separator in electrolyte solution 
indicates that the MWCNT can effectively improve the mechanical strength of Nafion coating, 
and suppress the interaction between the Nafion and the electrolyte. It is reported that carbon 
nanotube–polymer composites has stronger mechanical strength than pure polymer 
materials.[57] The suppression of MWCNT on the interaction between Nafion and electrolyte 
might be attributed that MWCNT build an protecting film for the Nafion reducing the contact 
of Nafion and electrolyte solution. 
The micrographs of 6, 12, 22, 39% MWCNTs & Nafion-coated separators show that both too 
high and too low carbon volume ratio is not good for creating a high-quality coating film. High 
carbon volume ratio may cause the concentration of carbon powders resulting in the formation 
of big carbon particles. This assumption is demonstrated by the increasing flocculate structures 
in the higher carbon volume ratio coating. Low carbon volume ratio may cause the 
concentration of Nafion resulting the formation of big Nafion. This assumption can be 
demonstrated by the micrograph of 6% MWCNTs & Nafion-coated separator. Since the amount 
of Nafion is much higher than the MWCNT, the MWCNT cannot provide enough space for the 
Nafion to locate. In this case, the rest of Nafion prefer to concentrate on the surface of MWCNT 
leading to uneven coating film. 
The micrograph of 39% MWCNTs & Nafion-coated separators after cycling demonstrates 
why it has the worst electrochemical performance. It has the similar characteristics with 
Super P coated separators with a number of small needles can be clearly observed in the high 
magnification micrograph after cycling. As discussed in the section 5.1, those small needles 
are the results of the formation of lithium dendrites which can lead to short-circuiting. The 
formation of these lithium dendrites is because of the high carbon volume ratio (> 30%) 
making the coating film electronic conductive. Since the Celgard separator has porous 
structure, the coating materials may penetrate and stay in the pores of separator creating a 
short electron pathway inside the battery. In this case, the anode areas facing with the pores 
filled with 39% MWCNTs & Nafion will have high current density, and the anode areas 
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facing with the empty pores will have low current density. As discussed in the section 2.2.2, 
high current density can facilitate the formation of lithium dendrites. Once the lithium 
dendrites corsses the separator contact with S/C cathode, it will considerable interact with the 
elemental sulfur in the cathode, and remain needle-pattern like structures on the surface of 
separator. 
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6. Conclusion
In summary, this report started with a literature review of fundamental chemistry of 
LSBs and the current separator coatings. Based on the literature review, two types of 
separator coatings – Super P and Nafion were identified to do the experiment 
investigating to analyse their advantages and limitations. Finally, a new MWCNTs & 
Nafion coating were proposed to overcome the limitations of Super P and Nafion 
coating to further improve the electrochemical performance of LSBs. The key 
conclusions of this report are summarized as following: 
(1) Super P coating can significantly improve the initial Dis-Scap and slightly decrease
the decay rate providing a better electrochemical performance for the LSBs. This
better electrochemical performance is due to its excellent electronic conductivity
and pores structure. However, the high electronic conductivity of Super P coating
may facilitate the formation of lithium dendrites which may damage the battery
leading to unstable performance and safety concern.
(2) Nafion coating shows excellent ability on suppressing the migration of LPS that it
provided an extreme low decay rate for the LSBs. However, the battery with Nafion-
coated separator cannot suffer long-term cycling. This might be caused by the low
mechanical strength of Nafion film and the interaction between the Nafion film and
the DME & DOL electrolyte.
(3) MWCNTs & Nafion coating shows good capability on improving the
electrochemical performance of the LSBs. This good capability is mainly inherited
from the Nafion coating that only allow the migration of cations, but avoid the
migration of anions. Compared with pure Nafion coating, the MWCNTs & Nafion
coating has higher mechanical strength and lower interaction rate with electrolyte.
This ensure that MWCNTs & Nafion coating can bear long-term cycling. Specially,
the electrochemical performance of the battery with 22% MWCNTs & Nafion-
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coated separator at 0.2C reached literature level. 
Although this project verified that MWCNTs & Nafion coating has positive impacts on 
LSBs, further investigation on optimizing the ratio of MWCNT and Nafion would be 
beneficial for the purpose of maximizing the electrochemical performance, and explore 
the potential of large-scale production. 
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